Introduction
Recent genome-wide association studies (GWAS) have implicated autophagy genes in human disease and ensuing investigations have uncovered the importance of this process in many aspects of immunity. [1] [2] [3] Autophagy is an evolutionarily conserved process important for recycling organelles and removing unwanted cytoplasmic cargo. 4 Two ubiquitin-like conjugation pathways are required for autophagosome initiation and formation, and autophagy-related gene (Atg)5 is essential in both systems. 4 In brief, following activation by the E1-like enzyme ATG7 and transfer to the E2-like enzyme ATG10, ATG12 becomes conjugated to ATG5. ATG16L1, which is assembled with the ATG12-ATG5 conjugate, is able to homotetramerize and the ATG12-ATG5-ATG16L1 multimers are recruited to the nascent autophagosomal membrane. This complex serves as an E3 ligase and mediates the lipidation of ATG8/LC3 with phosphatidylethanolamine. ATG7
Autophagy is a conserved homeostatic process in which cytoplasmic contents are degraded and recycled. Two ubiquitinlike conjugation pathways are required for the generation of autophagosomes, and ATG5 is necessary for both of these processes. studies of mice deficient in ATG5 reveal a key role for autophagy in T lymphocyte function, as well as in B cell development and B-1a B cell maintenance. however, the role of autophagy genes in B cell function and antibody production has not been described. Using mice in which Atg5 is conditionally deleted in B lymphocytes, we showed here that this autophagy gene is essential for plasma cell homeostasis. in the absence of B cell ATG5 expression, antibody responses were significantly diminished during antigen-specific immunization, parasitic infection and mucosal inflammation. Atg5-deficient B cells maintained the ability to produce immunoglobulin and undergo class-switch recombination, yet had impaired sDc1 expression, significantly decreased antibody secretion in response to toll-like receptor ligands, and an inability to upregulate plasma cell transcription factors. These results build upon previous data demonstrating a role for ATG5 in early B cell development, illustrating its importance in late B cell activation and subsequent plasma cell differentiation.
and ATG3 function as the E1-and E2-like enzymes in the second conjugation system. Individual homozygous deletion of several of these autophagy proteins, including ATG5, 5 ATG7, 6 ATG8 7 and ATG16L1 (Virgin HW and Xavier RJ labs, unpublished data), results in lethality in mice, highlighting the essential function of this homeostatic process.
Previous studies have demonstrated that autophagy is important at the developmental transition from pro-B to pre-B lymphocytes, as well as in the peritoneal natural antibody-producing B-1a B cell compartment. 8 B lymphocytes develop in the bone marrow (BM) and migrate to secondary lymphoid organs including spleen, lymph nodes and Peyer's patches (PP), where they secrete immunoglobulins (Ig) in response to cognate antigens. Two subsets of mature B cells, designated B-1 and B-2, exist in the periphery and are distinguished from one another by cell surface marker expression and function and may arise from distinct precursors. The majority of B-1 B cells reside in Moreover, a variety of secretory cell types require autophagy for appropriate function, emphasizing the importance of this cellular process in secretion. [27] [28] [29] [30] [31] Using mice conditionally deleted for Atg5 in the B cell compartment (CD19-cre × Atg5 flox/flox ), we demonstrated that functional autophagy is required for B cell activation and PC terminal differentiation. Antigen-specific IgM and IgG responses were impaired in mice lacking B cell ATG5 and these mice were more susceptible to Heligmosomoides polygyrus infection and intestinal inflammation. Thus we propose autophagy is not only important during B cell development but is also essential for efficient antibody secretion in health and disease.
Results

ATG5
is required for normal B cell distribution in the peritoneum and GALT-associated tissues. In order to study the role of autophagy in B cell function, we generated CD19-cre × Atg5 flox/flox mice in which Atg5 is conditionally deleted in CD19-expressing cells; we hereafter refer to this mouse as the conditional knockout (CKO). 8 We used Atg5 flox/flox , CD19-cre and Atg5 +/+ mice as controls; all three genotypes rendered similar results and are cumulatively represented as wild-type (WT). B lymphocyte numbers were first enumerated by flow cytometric analysis in central and peripheral immune compartments (Fig. 1) . As previously reported, WT and CKO mice had similar numbers of total B cells residing in the spleen and BM; however, significantly fewer B-1a B cells were present in the peritoneal cavity of CKO mice. 8 In addition, we observed significantly fewer B cells in GALT including PP and lamina propria (LP) in CKO mice (Fig. 1) . Thus our data confirmed that ATG5 is required for normal B cell distribution and peritoneal B-1a B cell homeostasis and suggest that ATG5 is necessary for normal B cell population in GALT compartments.
Spontaneous antibody secretion is diminished in CKO mice. In order to assess B cell function in the absence of ATG5, spontaneous Ig secretion was assessed via ELISpot. Equal numbers of B cells isolated from spleen, BM, peritoneal cavity, mesenteric lymph node (MLN), PP and LP were plated for 24 h and Ig-specific antibody-secreting cells (ASCs) were enumerated. As shown in Figure 2A , the frequencies of splenic B cells spontaneously secreting IgM and IgG were the same in WT and CKO mice. However, in both BM and MLN, two compartments with normal B cell numbers (Fig. 1) , the frequencies of IgM and IgG ASCs were significantly diminished in CKO mice ( Fig. 2A) . Total peritoneal B cells also showed significantly fewer IgM ASCs in the absence of ATG5, suggesting that B-1 B cells are not only fewer in number in CKO mice (Fig. 1) , but a lower frequency of them are also secreting IgM ( Fig. 2A) . Lastly, the frequencies of IgA-secreting B cells isolated from gut-associated immune compartments (MLN, PP and LP) were significantly lower in CKO mice ( Fig. 2A) . Further, B cells were able to efficiently generate Ig, as surface and intracellular IgM and IgG expression levels were comparable in lymphoid tissues (Fig. 2B) . Naïve B cells were also able to efficiently class-switch in vitro (Fig. 2C) , corroborating our ELISpot and flow cytometry data. Thus, Atg5-deficient B cells are able to express Ig and undergo the peritoneal cavity where they produce systemic natural IgM, although some B-1 B cells reside in the gut-associated lymphoid tissues (GALT) where they produce IgA, an Ig particularly important in intestinal homeostasis.
9,10 B-2 cells largely participate in classical T cell-dependent IgM and IgG responses in peripheral lymphoid organs but are also able to migrate to the intestinal lamina propria and produce IgA. 9, 11, 12 Antibody responses derived from both mature B cell subsets have been shown to regulate murine immune responses to intestinal parasitic infections and inflammation. [9] [10] [11] [12] [13] [14] [15] B cells can be activated to become antibody-secreting plasma cells (PCs) in both T cell-independent (TI) and T cell-dependent (TD) fashions, contingent upon the nature of the antigen. TI antigens, such as toll-like receptor (TLR) ligands, activate B cells to generate short-lived Ig-secreting PCs. 16, 17 During TD immune responses, B cells undergo B cell receptor (BCR) affinity maturation and class-switch recombination (CSR) to produce isotypespecific, long-lived PCs and memory B cells. B cells that are activated by either TI or TD antigens upregulate the PC marker SDC1/CD138 and terminally differentiate into Ig-secreting PCs. Upregulation of Prdm1/Blimp1 and Xbp1, as well as downregulation of Pax5, is necessary for B cell differentiation into Ig-secreting PCs, and members of this transcriptional program have been implicated in tumorigenic, neurological and inflammatory diseases. [18] [19] [20] [21] [22] [23] [24] XBP1 is necessary for increased protein synthesis during PC differentiation through its enhancement of secretory machinery; in addition, XBP1 has been shown to mediate the crosstalk between autophagy and the unfolded protein response (UPR). 19, 24, 25 However, whether the PC transcriptional regulator XBP1 intersects with autophagy to regulate B cell function remains unknown.
Following B cell activation, internalized BCR has been shown to traffic to the autophagosome where it recruits TLR9-containing endosomes to enhance B cell signaling. 26 TLR9 ligands are known to induce antibody responses, and we therefore hypothesized that autophagy may regulate XBP1-driven B cell differentiation and subsequent antibody secretion. . significance was determined using student's t test. *p < 0.001 compared with WT; n = 20 per group. C). In addition, Ig levels were significantly lower in CKO mice immunized with both low and high concentrations of TNPFicoll, suggesting an absolute defect in responding to antigen (Fig. 3C) . These results indicate that expression of ATG5 in B cells is required for efficient antigen-specific antibody responses to TI antigens.
We next evaluated whether B cell expression of ATG5 is required for TD antibody responses. Serum antigen-specific Ig levels from mice immunized with TNP-conjugated CGG were monitored for 4 weeks. Similar to the TI antigen responses, CKO mice produced significantly lower levels of TNP-specific IgM, IgG and IgG1 than WT mice in response to TD antigen stimulation (Fig. 3D) . Thus our data suggest that B cell ATG5 expression plays a role in antibody responses in vivo.
B cell ATG5 expression is important for appropriate antibody responses during H. polygyrus infection and intestinal inflammation. We next employed two experimental approaches to address whether the muted antibody responses observed in CKO immunized mice would translate to infectious and noninfectious disease models. Given the association of autophagy with inflammatory bowel disease and the defect in antibody CSR, yet significantly fewer B cells spontaneously secrete antibody in the absence of ATG5.
Atg5-deficient B cells are unable to efficiently mount antigen-specific TI and TD antibody responses in vivo. Serum Ig levels were compared by ELISA. As shown in Figure 3A , serum IgM, IgG and IgA levels in WT and CKO mice were similar, suggesting that steady-state Ig is normal in the absence of ATG5. However, steady-state Ig levels are regulated by many homeostatic mechanisms and may not accurately assess subtotal defects in B cell capacity to produce antibody. To this end, we assessed whether Atg5-deficient B cells were able to respond to classical TI and TD antigens. In vivo TI and TD B cell responses can be studied by immunizing mice with the 2,4,6-trinitrophenyl (TNP) hapten conjugated to either classical TI antigens, such as lipopolysaccharide (LPS) and Ficoll, or classical TD antigens such as chicken gamma globulin (CGG). Serum isotype-specific anti-TNP antibodies can be detected within 7 d after TI immunizations and over months after TD immunizations.
Seven and 14 d after immunization with TNP-conjugated LPS or Ficoll, two TI antigens, serum TNP-specific IgM and IgG3 levels were significantly lower in CKO mice ( Fig. 3B and and CKO mice were inoculated with H. polygyrus and serum Ig levels were monitored up to 3 weeks postinfection. Both IgE and IgG1 antibody levels were significantly lower in CKO mice at all time points, suggesting these mice are unable to mount an effective humoral Th2 response during intestinal parasite infection (Fig. 4A) .
We have demonstrated that fewer B cells from gut-associated tissues (MLN, PP and LP) spontaneously secrete IgA in the absence of ATG5 ( Fig. 2A) , and therefore we next assessed mucosal IgA immune responses. Although serum IgA levels were comparable between WT and CKO mice (Fig. 3A) , this represents a very small pool of IgA, as the vast majority is secreted secretion in gut-associated CKO B cells, we applied two intestinal in vivo models to address this question. We first used a helminth model in which mice were infected with H. polygyrus, an intestinal parasite that induces Th2-driven immune responses. 32 The Th2 T cell response elicited during H. polygyrus infection is characterized by the production of high amounts of interleukin 4 (IL4), IL5 and IL10 and subsequent activation of B cells. [33] [34] [35] Antigen-specific antiparasite IgE and IgG1 are secreted from the activated B cells to aid in the control of the pathogen. 13, 15, 32 As ATG5 is intact in all cell types except B lymphocytes in CKO mice, we were able to apply this model to assess the role of ATG5 in B cell-intrinsic responses during pathogenic infection. WT Figure 3 . Atg5-deficient B cells are unable to efficiently mount antigen-specific responses. (A) serum from age-matched littermates was harvested and igM, igG and igA levels were determined by eLisA (n = 10 per group). each mouse is individually displayed relative to the average ig amount in WT mice. (B) Age-matched littermates were immunized i.p. with TNP-LPs. serum was harvested on days 7 and 14 and anti-TNP igM and igG3 levels were determined by eLisA. *p < 0.001; n = 10 per group. (C) Age-matched littermates were immunized i.p. with TNP-Ficoll at indicated doses. serum was harvested on days 7 and 14 and anti-TNP igM and igG3 levels were determined by eLisA. *p < 0.01; n = 10 per group. (D) Age-matched littermates were immunized i.p. with TNP-cGG on day 0 and day 14. serum was harvested on days 0, 7, 14 and 28, and TNP-specific ig levels were detected via eLisA. eLisA values plotted represent the average OD450 reading. *p < 0.01; n = 5 per group. statistics were calculated using student's t-test.
Atg5-deficient B cells are defective in PC differentiation.
Given the observed lower number of ASCs (Fig. 2) , impaired antigen-specific B cell responses (Figs. 3 and 4) , and defective IgA production during intestinal inflammation (Fig. 4) in CKO mice, we next investigated the mechanism by which this was occurring. SDC1/CD138, also known as syndecan 1, is upregulated upon B cell activation and PC differentiation. Due to the marked decrease in the number of Ig-secreting cells in CKO mice, we assessed the frequency of SDC1-expressing cells to determine whether PC differentiation was impaired. As shown in Figure 5A , CKO mice possessed significantly fewer SDC1-expressing cells in the periphery (MLN shown). Moreover, after TD immunization, the number of SDC1-expressing cells increased approximately 3-fold in WT MLN and spleen, whereas no change was seen in CKO mice (Fig. 5B) . These data suggest that ATG5 is required for appropriate upregulation of SDC1 during PC differentiation.
In order to verify that ATG5 was efficiently deleted in these naïve and activated B cell compartments, we used western blotting to assess expression levels of ATG5. As our data support a decrease in CKO ASCs and activated B cells are the subset of B cells responsible for secretion, we sorted naïve CD19 + B220 + SDC1 − and activated CD19 + B220 + SDC1 + B cell subsets to ensure that deletion was maintained throughout into the intestinal lumen. We therefore quantified steady-state mucosal IgA via fecal extract and found significantly lower levels of IgA present in the feces of CKO mice (Fig. 4B) . Together with the ELISpot analysis ( Fig. 2A) , these data show that steady-state mucosal IgA production is impaired in mice lacking B cell-specific ATG5 expression.
The second in vivo system we explored was an intestinal inflammation model using dextran sulfate sodium (DSS), a chemical agent that induces intestinal inflammation by disrupting the epithelium. During DSS colitis, B lymphocytes secrete greater amounts of IgA to aid in the regulation of the altered microbial environment. 10, 14 In order to address the role of ATG5 in IgA responses during intestinal inflammation, WT and CKO mice were treated for 7 d with 3% DSS followed by a 5-d recovery period. As expected, purified WT B cells secreted significantly more IgA following DSS treatment in MLN, PP and LP ( Fig. 4C; black and gray bars) . However, CKO B cells, regardless of DSS treatment, did not secrete IgA ( Fig. 4C ; white and checked bars). In addition, CKO mice treated with DSS lost more weight than WT mice indicating enhanced susceptibility to intestinal inflammation in the absence of B cell ATG5 expression (Fig. 4D) . Therefore, antibody production in CKO mice is impaired during homeostatic, pathogenic and inflammatory responses. Fecal pellets were harvested from age-matched littermates, weighed, and homogenized in PBs at volumes commensurate with the pellet weight. supernatants were subjected to igA-specific eLisA for analysis. *p < 0.01; n = 10 per group. Fecal igA data points shown here correlate to the mice displayed in Figure 2A depicting total serum ig. (C) Age-and weight-matched mice were given 3% Dss ad libitum in drinking water for 7 d, followed by 5 d of regular drinking water. At day 12, B lymphocytes were isolated from MLN, PP and LP for igAspecific eLispot assay analysis. igA Ascs were enumerated after 24 h and the numbers shown are relative to the number of igA Ascs present in each tissue from WT mice that received no Dss. *p < 0.001 compared with WT without Dss; n = 7 per group. (D) Body weights plotted from Dss-treated mice in (C). *p < 0.01. statistics were determined using student's t-test.
observed in CKO mice (data not shown). In order to understand why CKO B cell antibody secretion was significantly impaired in response to TLR ligands, we assessed PC transcription factor expression following LPS stimulation. Expression of Prdm1, a gene that encodes the PRDM1 transcriptional repressor, was significantly upregulated following LPS stimulation in WT cells (Fig. 5E) . However, negligible levels of Prdm1 were expressed in CKO B cells even after LPS stimulation. Expression of Xbp1, which encodes a transcription factor induced during PC differentiation, was also upregulated in WT cells after LPS stimulation; however, no induction was detected in CKO B cells, suggesting fewer cells are terminally differentiating into antibody-secreting PCs (Fig. 5E) . In addition, Il6, which is induced upon LPS stimulation, was equally expressed in WT and CKO B cells, suggesting the LPS stimulation was effective (Fig. 5E) . These data suggest that CKO B cells are impaired in their ability to terminally differentiate into PCs and are therefore unable to mount effective antibody responses. Thus, the autophagy gene Atg5 plays a role in regulating this late stage of B cell differentiation. B cell maturation (sort: > 99% pure, data not shown). Using mouse embryonic fibroblasts (MEFs) from Atg5-sufficient and Atg5-deficient mice as controls, we confirmed complete deletion of ATG5 in both CD19 + B220 + SDC1 − and CD19 + B220 + SDC1 + cell subsets in CKO mice (Fig. 5C) . These data indicate efficient ATG5 deletion in the B cell compartment that is maintained throughout maturation. As we found a lower frequency of SDC1-expressing cells (Fig. 5A) and impaired antibody responses in CKO mice ( Fig. 2A; Figure 3B-D; Fig. 4A-D) , we examined whether B cell activation was altered in the absence of ATG5. TLR agonists induce B cell activation, proliferation and differentiation to PCs. 16 (Fig. 5D) . In addition, the frequency of Annexin V + 7AAD + cells was equal when WT and CKO naïve B cells were stimulated with LPS or CpG, suggesting that enhanced cell death during PC differentiation cannot account for the impaired number of Ig-secreting cells potentially contribute to the pathophysiology of diseases, such as Crohn disease, at multiple immune checkpoints.
We have not only shown an inherent defect in anti-helminth B cell antibody responses in the absence of ATG5 but, in doing so, have highlighted another physiological model in which autophagy deficits may enhance aberrant immune responses by compounding effects of multiple cell types. The B cell phenotype described in this model has implications in a clinical setting as more than 3 billion people worldwide are infected with helminths, which are known to induce a Th2 immune response. 32, 41 In the past decade, studies have demonstrated that concomitant helminth infection with viral, parasitic or bacterial pathogens leads to enhanced disease severity through helminth-driven suppression of protective Th1 responses. 32 In addition to skewing T cell responses, helminth infection has also been shown to impair bacterial pathogen clearance by inhibiting autophagy in macrophages. 42 This report, together with the data shown here proposing ATG5 plays a role in anti-H.polygyrus antibody responses, suggests that, during helminth infection, deficiencies in autophagy can affect several immune cell functions which may alter host immunity.
Our data propose a novel functional role for autophagy in B lymphocytes. Given the association of autophagy with a variety of diseases, the mechanisms by which this cellular process affects secretion and other biological processes must continue to be investigated. ATG5 and PRDM1/BLIMP1, the gene encoding the PRDM1 PC transcriptional regulator, exist within a locus associated with systemic lupus erythematosus, implicating autophagy in B cell-mediated autoimmunity. 3, 43 Our data here suggest that autophagy regulates PC differentiation, perhaps through modulating PRDM1 and XBP1 expression. Xbp1 is critical for PC differentiation, as mice deficient in this gene possess few SDC1-expressing cells and are significantly impaired in antibody secretion. 44 A recent study demonstrates that the absence of XBP1 expression in B cells results in diminished, but not absent, antibody secretion in response to immunization, consistent with the phenotype we observe in mice possessing Atg5-deficient B cells.
45
XBP1 is also involved in the UPR, which is regulated in large part by autophagy; therefore future studies should investigate the potential crosstalk between these pathways and its implications in PC biology.
Materials and Methods
Animals.
Mice were maintained in specific-pathogen-free facilities at Massachusetts General Hospital. All animal studies were conducted under protocols approved by the Subcommittee on Research Animal Care at Massachusetts General Hospital. CD19-cre × Atg5 flox/flox mice were generated as previously described. 8 All mice were maintained on food and water ad libitum. Mice were used between 7 to 9 weeks of age and strains were age-and gender-matched for each experiment.
Cell isolation from immune compartments. Cells from the spleen, bone marrow, mesenteric lymph node and Peyer's patches were harvested, filtered, and red blood cells were lysed prior to downstream applications. Peritoneal cell exudate was harvested via three 4 mL lavages and filtered prior to use. To obtain colonic
Discussion
In this study, we demonstrated ATG5 plays a role in PC homeostasis, showing that SDC1 upregulation and B cell antibody responses during antigen-specific immunization, H. polygyrus infection and an epithelial injury model of colitis were impaired in mice lacking B cell ATG5 expression. Importantly, we found that mature B cells were able to produce Ig and undergo CSR in the absence of ATG5, suggesting B cell maturation is not impaired. Flow cytometric analysis of Ig expression suggested that these autophagy-deficient B cells were able to synthesize antibody for expression at the cell surface; however, ELISpot and in vivo data demonstrated they are impaired in Ig responses. Using several in vivo models, we demonstrated muted antibody responses and enhanced susceptibility to pathogens and intestinal inflammation in mice lacking B cell ATG5 expression. In addition, Atg5-deficient B cells were unable to respond to TLR stimulation likely due to an inability to upregulate PC transcription factors. These data imply a role for autophagy in the late stages of B cell activation and subsequent PC differentiation and provide novel insight into the pathways important during this process. While we have demonstrated defective activation and, consequently, impaired antibody secretion in Atg5-deficient B lymphocytes, autophagy may regulate B cell function in multiple stages and remains a focus for future investigation.
Through the use of rag1 −/− reconstitution and conditional knockout murine models, we and others have elucidated a role for autophagy in lymphocytes. 8, 36, 37 BECN1/Beclin 1, a protein involved in autophagosome formation, is essential for the maintenance of early lymphoid progenitors, yet dispensable for mature peripheral T and B lymphocytes. 36 Likewise, we have shown that despite a developmental block at the pro-B to pre-B cell stage, Atg5-deficient B cells populate peripheral lymph organs. 8 Previous studies have demonstrated that autophagy is not only important during T cell development, but is also essential for several T cell functions including survival and proliferation. 37, 38 We showed here that autophagy is necessary for appropriate antibody responses by B lymphocytes. These data confirm that autophagy proteins have cell type-specific effects within the lymphocyte lineage.
The data shown here support a role for autophagy in B lymphocyte differentiation to antibody-secreting PCs, building upon an emerging theme that highlights a role for autophagy in secretory cell types. Deficiencies in autophagy have been associated with impaired pancreatic β cell structure and insulin production, diminished mast cell degranulation and decreased osteoclast secretion and bone resorption. [28] [29] [30] [31] In addition, ATG5 is involved in the biogenesis and secretion of IL1B/IL-1β in macrophages. 39 Intestinal Paneth cells deficient in Atg5, Atg7 or Atg16l1 possess abnormalities in secretion of antimicrobial peptides from granules. 27, 40 Interestingly, these Paneth cell defects mimic human disease phenotypes in Crohn disease patients harboring an ATG16L1 risk allele. 27 This epithelial phenotype, together with the present data describing defective intestinal IgA secretion in B cells lacking ATG5, suggests that autophagy is important in many immune cell types and defects in this process could ELISA. Using the same reagents as those used in the ELISpot assays, total serum and fecal IgM, IgG and IgA were detected by sandwich ELISA coated with 1 μg/mL goat anti-mouse IgM, IgG or IgA (Southern Biotech) on EIA High Bind 96-well plates (Corning, 3590). Isotype-specific biotinylated antibodies were combined with HRP-conjugated streptavidin to quantitate serum antibody levels using BD OptEIA substrate kit (BD Biosciences, 555214). TNP-specific antibody detection was achieved by coating EIA high-binding plates with 10 μg/ mL TNP-BSA (Biosearch Technologies, T-5050) and subsequent detection using the same reagents described above. Samples were diluted (1:30,000 for Ig and 1:5,000 for TNP-specific antibodies). Samples were quantified using the SpectraMax M5 microplate reader (Molecular Devices), measuring absorbance at 450 nm. Samples were run in triplicate. Heligmosomoides polygyrus infection and parasite-specific ELISA. Age-and weight-matched mice were inoculated orally with 200 third-stage H. polygyrus larvae. Serum was harvested 1, 2 and 3 weeks after infection and antigen-specific ELISAs for IgE and IgG1 were performed. The parasite antigen was prepared as previously described. 13 EIA High Bind 96-well ELISA plates were coated with 10 μg/mL parasite antigen and incubated at 4°C overnight. Two rows on each plate were coated with antimouse IgE or anti-mouse IgG1 (Southern Biotechnology) in order to generate a standard curve. Samples were diluted (1:100) and incubated at 4°C overnight. Isotype-specific biotinylated antibodies were combined with HRP-conjugated streptavidin to quantitate serum antibody levels using a BD OptEIA substrate kit (BD Biosciences, 555214). Samples were quantified using the SpectraMax M5 microplate reader (Molecular Devices), measuring absorbance at 450 nm. Samples were run in triplicate.
Fecal Ig isolation. One fecal pellet was dissolved in PBS (1 mL/100 mg feces), vortexed for 15 min at high speed, and settled at room temperature for 15 min. Samples were then centrifuged at 13,820 × g for 15 min and supernatant was harvested into a fresh tube and stored at −20°C until use.
DSS colitis. Age-and sex-matched mice were fed ad libitum 3% (w/v) dextran sulfate sodium (DSS, MP Biomedicals, 160110, MW = 36,000-50,000) dissolved in sterile, distilled drinking water for 7 d, followed by 5 d of regular drinking water. Body weight was measured daily and B cells were isolated for ELISpot analysis on day 12. lamina propria cells, colons were harvested and inverted onto polyethylene tubing (Becton Dickinson, 8050-0125). After being washed in calcium-and magnesium-free PBS, colon tissues were incubated with dithiothreitol (Sigma-Aldrich, 43817), followed by 30 mM EDTA, all at room temperature. The remaining tissue was further digested using Type IV Collagenase (108 U/mL, Sigma-Aldrich, C5138) for 90 min. Filtered cells from the digested tissue were then layered on a 45%/72% Percoll (GE Healthcare, 17-0891-01) gradient and harvested at the interface after centrifugation (650 × g, 15 min) Flow cytometry. Single-cell suspensions were prepared from tissues; after red blood cell lysis, 1 × 10 6 cells were incubated with 2.4G2 Mouse Fc block in PBS/FBS (BD PharMingen, 553142) for 20 min at 4°C. Cells were then washed and stained with fluorescent-conjugated antibodies for 20 min at 4°C. The following antibodies were used (BD PharMingen): IgD-FITC (553439), IgA-FITC (559354), B220-PE (553089), SDC1-PE (561070), IgM-PerCP (550881), CD19-APC (550992) and CD5-APC (550035). In addition, the following biotinylated antibodies were used (Southern Biotech): IgG-biotin (1030-08), IgG1-biotin (1070-08) and IgG3-biotin (1100-08). Biotinylated antibodies were detected after subsequent incubation with streptavidin-FITC (BD PharMingen, 554060). Fluorescently labeled cells were acquired on the FACSCalibur flow cytometer (BD Biosciences) and analyzed using FlowJo Analysis Software (Tree Star, Inc.).
In vitro class-switch recombination (CSR) assay. MACSpurified B cells were isolated from the spleen. Two × 10 5 cells/ mL were plated in 96-well round-bottom tissue culture plates (BD Biosciences, 353077) and incubated for 4 d at 37°C with 5% CO 2 in complete RPMI with CSR-inducing stimuli. B cells were incubated with 40 μg/mL LPS (InvivoGen, tlrl-pelps) and 20 ng/mL IL4 (Peprotech, 214-14) to induce IgG1 CSR; 40 μg/mL LPS to induce IgG3 CSR; and 10 μg/mL CD40L (BD PharMingen, 553656), 20 ng/mL IL4 and 10 ng/mL TGFB1 (Peprotech, 100-21c) to induce IgA CSR. Ig cell surface expression was assessed via flow cytometry on day 4.
Laboratories, 170-8891). Using the iQ SYBR Green Supermix (Bio-Rad Laboratories, 1708887) for quantitative PCR, mRNA levels were determined using the iCycler with iQ5 Multicolor Real-time PCR Detection System (Bio-Rad). The reaction conditions consisted of 37 cycles of PCR with an annealing temperature of 59°C. The following primers were used: Prdm1 Fwd: GAC GGG GGT ACT TCT GTT CA; Prdm1 Rev: GGC ATT CTT GGG AAC TGT GT; Xbp1 Fwd: TCC GCA GCA CTC AGA CTA TG; Xbp1 Rev: ACA GGG TCC AAC TTG TCC AG; Il6 Fwd: GTA GCT ATG GTA CTC CAG AAG AC; Il6 Rev: ACG ATG ATG CAC TTG CAG AA. The threshold cycle (C T ) for each sample was determined for each gene and was normalized to the C T value of the endogenous housekeeping gene GAPDH. Data were calculated using the 2 -ΔΔC(T) method. 46, 47 Statistical analysis. Student's t-test was used to assess the significance of observed differences. A value of p < 0.05 was considered significant.
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FACS sorting. Single-cell suspensions from mesenteric lymph nodes were stained with SDC1, CD19 and B220 as described above. CD19 + B220 + SDC1 − and CD19 + B220 + SDC1 + cells were FACS-sorted using a MoFlo cell sorter (Beckman Coulter) and subjected to western blot analysis. Three mice were pooled for each sample in order to obtain enough cells for western blot.
Mouse embryonic fibroblasts (MEFs). MEFs from wild-type (+/+) and atg5-deficient (−/−) mice were maintained as previously described.
5
Western blotting. Cell extracts were prepared using TNN lysis buffer, pH 8 (100 mM TRIS-HCl, 100 mM NaCl, 1% NP-40, 1 mM DTT, 10 mM NaF) with protease inhibitor (Roche, 11836153001). Following SDS-PAGE (Bio-Rad, 456-9035) and transfer onto PVDF membrane (Immobilon-P, Millipore, IPVH20200), ATG12-ATG5 conjugates and actin were detected using anti-ATG5 antibody, clone D1G9 (Cell Signaling Technology, 8540) and polyclonal anti-actin antibody (Sigma Aldrich, A2066). Polyclonal goat anti-rabbit HRP (Dako, P0448) was used as secondary antibody.
TLR ligand stimulation. Sorted CD19 + B220 + SDC1 − B cells were incubated at 37°C with 5% CO 2 for 48 h in complete RPMI. Indicated samples were stimulated with 10 μg/mL LPS or 1 μg/mL CpG. ELISpots of stimulated cells were performed as described above. Cells used for isolation of RNA and subsequent transcription factor analysis were handled as described below.
Transcription factor analysis. Cells were pelleted after 48 h and RNA was extracted using the RNeasy Kit (Qiagen, 74106) according to the manufacturer's protocol. All RNA samples were reverse-transcribed using the iScript cDNA Synthesis kit (Bio-Rad
